INTRODUCTION
One of the fundamental goals of chemical physics has been to understand the nature of the potential energy surfaces on which chemical reactions occur. Much of this interest focuses on the transition state region: the region of the surface where chemical bonds are broken and reformed. The microscopic forces at play in the transition state region often control the observabk; properties of a reaction, including the reaction cross-section and the product angular and energy distributions. Indeed, the key issue in chemical reaction dynamics is to deduce the relationship between these asymptotic properties of a reaction and the detailed features of the transition state region, such as (in the case of a direct reaction) the saddle point location, barrier height, and bend potential near the saddle point.
To resolve this issue successfully, one would like to measure the asymptotic properties and experimentally characterize the transition state region for a given reaction. During the last 20 years, most of the experimental emphasis has been on the former aspect; increasingly refined state-tostate scattering experiments have been developed in which final product distributions are measured as a function of wcll-defined reactant initial conditions (1) . These experiments can provide a sensitive, although locate quasibound states of the collision complex (reactive resonances), and experiments that probe the complex formed in Penning ionization collisions.
The half-collision transition state spectroscopy experiments include electronic excitation of van der Waals molecules, photodetachment of negative ions, and ~nolecular photodissociation. Because this article focuses on bimolecular reaction dynamics, the discussion of photodissociation studies is restricted to the relatively small number that probe bimolecular potential energy surfaces, i.e. surfaces with a reasonably low energy barrier between distinct reactant and product regions.
FULL-COLLISION STUDIES

Laser Excitation of Collidin9 Reactants
These experiments, which were first attempted by Hering et al (12) in 1980, aim to alter the course of a reactive (or nonreactive) collision in a detectable way by u.,fing laser excitation of the colliding reactants. For example, in Brooks' crossed-beam studies (14a,b) of the reaction K(42S)-~-NaC1 ~ KC1 + Na(32S), 1.
(exothermic by 3.9 kcal/mol), the idea is to excite the transient [KNaC1] complex fbrmed in a collision between reactants with a tunable laser to the excited potential energy surface for the (endothermic) reaction K* (42P) + NaC1 ~ KC1 + Na* (3 2p).
2.
The laser wavelength lies between the Na and K 2p ~ 2 S transitions at 590 and 766 nm, respectively. This excitation is monitored by emission from the Na* produced by reaction on the excited potential energy surface. As the laser is not resonant with any reactant or product transition, Na* emission can only arise when the [KNaC1] complex is excited to a region of the upper surface that leads to Na* formation from Reaction 2. The dependence of this emission signal on excitation wavelength is, in principle, quite sensitive to the form of the transition state regions for Reactions 1 and 2. In practice, this experiment is extremely challenging, because the steady state concentration of the short-lived [KNaCI] complex is very small, and it must be verified that. the observed Na* emission is, indeed, due to excitation of the complex. For example, one must ensure that N a* emission does not arise from the reaction of electronically excited K~* (any K2 in the K beam absorbs between the Na and K transitions), which reacts with NaC1. The most recent results (14b) show that the Na* emission from excitation of the [NaC1K] complex is structureless and decreases more or less monotonically as the excitation wavelength is increased from 600 to 635 nm. In contrast, in the analogous experiment performed on the reaction, K + NaBr ~ KC1 + Na, the Na* emission shows a broad maximum near 605 nm (14b). Yamashita & Morokuma (15, 16) have carried out surface hopping trajectory calculations on ab initio K ÷ NaC1 potential energy surfaces and have qualitatively reproduced the Na* emission results for that reaction, but the interpretation of the results for Reaction 3 is unclear at this time. They have applied similar methods in a theoretical study of the Na+HC1 reaction (17) . The transition state spectroscopy of Reaction 1 has also been modeled by Jiang & Hutchinson (18) , who used one-dimensional potentials.
Kleiber and coworkers (19a,b) have used a somewhat different version of laser excitation of collision complexes to initiate the reaction Mg*(3~P) +Hz --r MgH + which was discussed in the review article by Brooks (13) . More recently, Kleiber and coworkers (20a,b) have: studied the reaction Na*(42P) + H2 ~ Nail + The reactions between ground state Mg or Na with Hz are endothermic, so no reaction occurs in room temperature collisions between ground state reactants. However, the excited state Reactions 4 and 5 are both exothermic. Thus, one can initiate Reaction 5 by exciting the Nail2 complex formed by a collision between ground state reactants and monitor this by laser-induced fluorescence (LIF) of the Nail product. In this experiment, one not only finds where the complex absorbs, but also how the product rotational distribution, varies with excitation energy. These experiments are complementary to the studies by Hering and coworkers (21a,b) , who excited the Nail2 collision complex near the Na D line (3zP ~-32S) and used coherent anti-Stokes Raman spectroscopy (CARS) to look at the H2 product from in,elastic scattering on the excited state surface.
Kleiber and coworkers (20a,b) have found that Nail production observed whether the complex is excited to the blue or to the red of the Na 42P ~-32S transition. However, significantly more rotational excitation of the Nail is observed upon excitation to the red. This can be explained www.annualreviews.org/aronline Annual Reviews with reference to the Na-H2 potential energy curves shown in Figure 1 , which are: based on the pseudopotential calculations by Rossi & Pascale (22) . Because the interaction between ground state Na and H2 is flat long range, where excitation of the complex is expected, the results are interpreted in terms of accessing two types of excited state potential energy surfaces. Figure 1 shows that the interaction of Na*(42p) with H2 yields an attractive 21-1 surface for C~v symmetry (2B ,, 2B2 in C2v symmetry) and a repulsive 257 surface (2A, in C2v), which also has an entrance channel barrier. Excitation to the attractive surface occurs to the red of the Na transition, whereas excitation to the repulsive surface occurs to the blue. Hence, the results suggest that reaction on the attractive surface, for which side-on C2v approach is the most favorable geometry, leads to considerably more Nail rotational excitation than on the repulsive surface. This picture fits nicely with the bimodal rotational distributions observed in scattering Ground state and excited state potential energy curves for Na + H 2 reactants (from www.annualreviews.org/aronline Annual Reviews studies of the Na*+ H2 and Mg*+IH z reactions by Bililign & Kleiber (23) and Breckenridge & Umemoto (24) , respectively. The above experiments show that the principle of initiating a reaction via laser excitation of colliding reactants is viable. However, the excitation spectra involve transitions between continuum scattering states supported by two unknown potential energy surfaces. It is, therefore, difficult to extract detailed information on either surface from the results. Clearly, it would be desirable if one or both po~:ential energy surfaces supported some sort of long-lived state of the collision complex, as this might lead to assignable structure in the excitation spectrum. The next section discusses attempts to observe such states in flail-collision experiments.
Reactive Resonances in Scatterin# Experiments
Since the early 1970s (25a-c), quantum mechanical scattering calculations on model potential energy surfaces have predicted sharp structure in the reaction probability (at fixed total angular momentum) as a function energy. They found peaks in these cross-sections that roughly corresponded to the calculated positions of reactive resonances for total angular momentum J = 0 collisions (8a, 25c, 31) . This was a startling result; as Redman Wyatt (32) first discussed, the energy at which a resonance occurs depends on the orbital angular momentum ( of the reactants [{ = J for H + H2(j = 0)] by approximately BY(e~+ 1), where B is a rotational stant appropriate for the collision complex. Thus, in a reactive scattering experiment, where .many values of ,~ typically contribute to the reaction, www.annualreviews.org/aronline Annual Reviews the contribution of resonances to the total cross-section are expected to average out.
A possible explanation for Valentini's results is that the H + H2 reaction is largely caused by collisions with g' near zero and that collisions at higher E simply do not lead to reaction. However, shortly after the experimental results were reported, a series of calculations of the H ÷ H 2 reaction crosssection (7--10), which indicated that numerous partial waves contribute the H + H2 reaction and that resonances should, therefore, average out in state-resolved partial cross-sections. These were exact scattering calculations on accurate, ab initio potential energy surfaces and, therefore, cast doubt on the interpretation of the experimental results. Zare and coworkers (6b) subsequently supported the theoretical results, by experiments in which H2 rovibrational product distributions were measured with multiphoton ionization and showed no sharp variation with energy. Indeed, Valentini (33) has recently found that the peaks in his experiment disappear at lower fluences than were initially used, which indicates that they are not from variations in the reaction cross-section. Whether they are from laser catalysis, as proposed by Shapiro and coworkers (34a,b), remains to be seen.
In summary, Valcntini's H ÷ H 2 experiments, and the intense theoretical work that followed them, provide ample evidence for the importance of the concept of resonances in reaction dynamics, but also show just how difficult it is to observe them cleanly in a full-collision experiment. One possible approach is suggested by the recent experiments of Pollard et al (35) in a study of the reaction H~-÷He ~ Hell + ÷H, 7.
in which only the forward and back-scattered Hell + is detected. Because the back-scattered product is due to collisions at tow E, it may be possible to obserw: variations in this signal as a function of energy because of the extensive resonance structure predicted for this reaction (36a-c).
(No structure has yet been resolved.) The subject of reactive resonances appears later in this article, when we discuss half-collision transition state spectroscopy cxperiments.
Penning Ion&ation as a Probe of the Collision Complex
In the process of a Penning ionization collision A*+BC ~A ++BC+e -8.
between a highly excited atom A* and a molecule BC, electron ejection can only occur from the [ABC]* complex. The energy spectrum of the ejected electrons depends on the nature of the neutral and ionic potential www.annualreviews.org/aronline Annual Reviews energy surfaces that participate in Reaction 8 at nuclear geometries where ionization occurs. Hence, a discussion of recent results in this field is appropriate in a review of transition state spectroscopy. The connection between Penning ionization and transition state spectroscopy was first advanced by Benz & Morgner (37) in a series of studies on collisions between metastable He (23S, 21S) with C12, Br2, and 12. The resulting Penning ionization electron spectrum (PIES) consists of several broad peaks that clearly correspond to electronic transitions seen in the photoelectron spectra of bare halogen molecules, although the relative intensities are quite different in the two types of spectra. In addition, some intense, broad features at low electron kinetic energy are observed that do not correspond to any peaks seen iin the halogen photoelectron spectra. Benz & Morgner attribute these love energy features to a surface crossing from a covalent He*'X2 surface to a He + "X~ ion-pair surface before electron ejection. This hypothesis is supported by classical trajectory calculations (including surface hopping) on model potential energy surfaces. However, a detailed interpretation of these experiments is difficult because, once again, several unknown surfaces are involved and only broad features are observed.
In a more recent crossed beam study by Dunlavy et al (38) , the PIES for the reaction He*(2~S)+N2 -~ He + N~-(X2Z-, A2Hu, B2Eu+) +e -9.
was obtained at several collision energies between 1.6 and 7 kcal/mol. The energy resolution in this experiment was high enough to resolve vibrational structure associated with each N+ electronic state. The results show that as the collision energy is increased, the intensity of the transitions to the A217u state increases relative to the transitions to the two E states. In addition, the vibrational transitions associated with the 17 state shift to higher electron energy (a smaller shift is seen for the Z states). These effects are interpreted in terms of different interaction potentials for a broadside collision of He* with Ne, which leads to 17 state formation, and end-on collisions, which yield ~: states of N ~-.
HALF-COLLISION STUDIES
A major problem in scattering-based transition state spectroscopy experiments is the extensive averaging over reactant initial conditions. Even if the reactant translational and internal energy is well-controlled, scattering experiments involve averaging over reactant orbital angular momentum (impact parameter) and, in most cases, reactant orientation. This averaging eliminates much, if not all, of the slharp structure that one might see in a www.annualreviews.org/aronline Annual Reviews transition, state spectroscopy experiment; the H+H2 example discussed above shows, for instance, how angular momentum averaging washes out contributions from reactive resonances to the reaction cross-section. Averaging over reactant initial conditions is substantially reduced in the half-colli,,don studies described in this section. In these experiments, the idea is to access the transition state region via photoexcitation of a stable precursor, rather than with a scattering event. In most, but not all, of the experiments described below, the angular momentum available to the reactants is highly restricted, compared with a scattering experiment, because tlhe stable precursors are typically formed in a free jet expansion and are rotationally cold. If the photoexcitation process involves either simple photon absorption or ejection of a light particle (i.e. an electron or H atom), then this cold angular momentum distribution is approximately mapped onto the transition region species.
In contrast to scattering experiments, which are sensitive to all reactant orientations that lead to reaction, half-collision experiments typically provide detailed information on the potential energy surface over a restricted geometric: range. Although this feature of half-collision experiments is often advantageous, the stable precursor must have good geometric overlap with tlhe transition state region on the upper surface. When this restriction is satisfied, most of the experiments described below yield more readily interpretable results than the full-collision experiments already considered.
Photoexcitation o f van der Waals Molecules
An important set of half-collision transition state spectroscopy experiments involve the initiation of bimolecular reactions via photoexcitation of van der Waals molecules. In one set of experiments, one component (typically an atom) of the van der Waals molecule is electronically excited, thereby accessing one or more excited state potential energy surfaces on which reaction occurs. Jouvet & Soep (39) performed the first experiments of this type on the Hg" C12 complex. Alternatively, one can photodissociate one member of the van der Waals molecule and study the resulting reaction of one of the photofragments with the other member of the complex. Wittig and coworkers (40a-c) and Zewail and coworkers (41a,b) pioneered the use of frequency and time-domain methods, respectively, in these studies. Takayanagi & Hanazaki (42) have recently reviewed this overall class of experiments.
In experiments of the first type, which involve electronic excitation of a van der Waals molecule of the form A" BC, the idea is to access the excited state potential energy surfaces for the reaction A*+BC ~ AB+C by exciting this species near the A*,-A electronic transition. For a given excitation energy, the AB internal energy distribution can be monitored www.annualreviews.org/aronline Annual Reviews NEUMARK by either LIF or, if AB is in an excited electronic state, by dispersing the AB emission. A more fundamental measurement from the point of view of transition state spectroscopy is the action spectrum, in which the product yield is monitored as a function of excitation energy. This maps out the transitions to the upper state surfaces that lead to reaction and is, therefore, a direct probe of these surfaces. These experiments are essentially the halfcollision analogue to Kleiber's experiments, which were discussed in the previous section.
During the past few years, Soep, Jouvet, and coworkers have carried out detailed studies of the reactions (43a-c) Hg*( 3P 1) + H2 --~ HgH(2E+) 10.
and (44a,b)
Ca*(tD2, tP~) +HC1 --, CaCI*(A:'TI, B2E+)+ 11.
via excitation of the Hg" H2 and Ca" HC1 complexes. In these experiments, one can readily study the effects of orbital alignment, involving the unpaired electrons on the excited ettoms, thus providing complementary information to the Ca*+HC1 scattering experiments by Rettner & Zare (45) . In the case of Reaction 10, for example, the interaction of Hg*(3P0 with H2 result in a 31-I and 3E state [more precisely, f~ = 0 + and 1 states (46)], which are distinct in energy at the geometry of the van der Waals molecule. The action spectrum of the complex and the HgH rotational distribution (both are obtained by LIF on the HgH product) are noticeably different, depending on which upper state surface is accessed. The HgH action spectrum, shown in Figure 2 , is of particular interest. This spectrum is broad and unstructured in the ~region where the YI state of HgH2 is excited, whereas the E action spectrum shows two narrow (6 cm-~ wide) peaks that correspond to a vibrational progression in the Hg-H2 stretch. These results imply that reaction on the FI surface is facile, whereas a barrier to reaction exists on the ~ surface that briefly traps the Hg*-H 2 complex. This interpretation is supported by the ab initio calculations of Bernier & Millie (47) . In the Ca'HC1 experiment, action spectra obtained by monitoring CaCI* emission showed bands to the red and blue of both the Ca ~P~ ~-~S0 and 10 2 ~-18 0 transitions. The most interesting of these is the Z band to the red of the ~P1 ~-~S0 transition (44a), which shows an extended progression in hindered rotational levels of the upper state. A fit of the peak positions and intensity distribution of this band indicates that it is caused by a transition from a linear Ca-H-C1 ground state to a T-shaped excited state. The peak widths in this band show that the upper state lives for several vibrational period's before dissociating to products. The www.annualreviews.org/aronline Annual Reviews blue 25 cm -1 presence of sharp peaks in this progression shows that excitation of the complex does not directly access the dissociative Ca + ¯ HC1-cha.rge transfer state, which correlates to the reaction products.
In an example of the second type of van der Waals excitation experiment, the reaction H+CO2 ~ OH+CO 12.
is initiated by photodissociating the HBr in the complex HBr" CO2. This yields translationally hot H atoms, which collide with the CO2 over a restricted angular range determined by the geometry and zero point motion of the van der Waals molecule. In the experiments of Wittig and coworkers (40a-c), the energy distribution of the resulting OH product is measured and compared with the corresponding distribution obtained in hot-atom, full-collision experiments on the H + COz reaction, which sample all reactant orientations. In general, the OH rotational distributions are narrower in the half-collision experiment for the same photolysis wavelength. Similar www.annualreviews.org/aronline Annual Reviews NEUMARK results are seen in photolysis of the HI. CO2 (48a,b) and HxS'CO 2 (49) complexes. Although this effect was initially attributed to the narrower range of reactant orientations in the half-collision experiment, it is now believed to result primarily from the lowered effective translation energy of the H atom because of its interaction with the departing Br atom (50) . The effect of the Br atom on the H+CO2 reaction dynamics has been treated theoretically by Shin et al (51) and Kudla & Schatz (52) . Additional experiments of this type have yielded an explicit correlation between reactant orientation and reactivity. Infrared spectra of the van der Waals molecules by Sharpe et al (53) show that HCI" CO2 has a linear equilibrium geometry with the H at:ore between the C1 and an O atom, whereas HBr" CO2 has a T-shaped Br-CO2 equilibrium geometry with the H-Br bond nearly parallel to the CO2. Shin et al (54) found the OH yield from photodissociation of HBr' CO2 to be considerably higher than from photodissociation of HCI" COy This is a surprising result, because based on the equilibrium geometry of HBr" CO2, one would expect the H atom to miss the C02 entirely. However, tlhe large zero-point angular motion of the H atom in HBr-CO2 enables broadside attack by the H atom at one of the O atoms. The experiment thus iindicates that this broadside approach is more likely to lead to reaction than the collinear approach of the H atom that occurs when HC1-CO2 is photodissociated.
Other reactions studied by this method include the H ÷ N20 reaction, initiated by photolysis of HI-N 20 (54, 55) or HBr" N20 (56); the D + reaction, initiated by photolysis of DBr" OCS (57); and the O(~D)+ reaction, initiated by photolysis of (N20)2 (58a,b).
Whereas the above experiments have taken advantage of the restricted reactant orientation that occurs in the photolysis of van der Waals precursors to a reaction, Zewail, Bernstein, and coworkers (41a,b) have exploited the fact that the photolysis of such a precursor with a short laser pulse can provide a zero-of-ti~nc for a bimolecular reaction. In these experiments, a pair of picosecond or femtosecond pulses is used to initiate the reaction and then detect product formation as a function of the delay time between the pulses, thereby providing a real-time clock of the reaction rate.
The first measurements of this type were performed on Reaction 12 by Scherer and coworkers (41a,b), who used picosecond pulses to photolyze of HI. CO2 and detect the OH product. Production of OH clearly occurs on a several picosecond time scale, and a more detailed fitting of the data yields two time constants: z~, for formation of the HOCO intermediate (possibly including the time required for" isomerization from the cis to trans form); and z2, for dissociation of the HOCO to OH+CO. As the photolysis wavelength is decreased from 264 to 231 nm, ~ remains conwww.annualreviews.org/aronline Annual Reviews stant around 1 ps, whereas z2 decreases from 5 to 0.5 ps. The increased dissociation rate with energy is in qualitative agreement with RRKM calculations. These time-resolved measurements provide an important set of parameters that must be reproduced by any model potential energy surface proposed for this reaction (59a-c).
More recently, Gruebele et al (60) have studied the reaction Br+I2.--~ IBr+I 13.
by using femtosecond lasers to photolyze the van der Waals molecule HBr" I2 and monitor the production of IBr. This is a kinematically cleaner experiment than the HX'CO2 studies, because a fast light atom, rather than a slow heavy atom, is ejected away from the complex by photolysis. This leads to less interaction of the reaction complex with the ejected atom and means that less angular momentum is transferred to the complex. In any case, the IBr rise time is about 50 ps, considerably slower than the product rise time in the HI-CO2 experiment. The slow rise time is largely caused by the low translational energy of the Br atom (,--200 cm-~). This result agrees with classical trajectory calculations on a model potential energy surface with a 15 kcal/mol well relative to the Br + I2 reactants and a 3.5 kcal/mol exit barrier. Strictly speaking, neither the frequency nor time-domain van der Waals photodissociation studies are transition state spectroscopy experiments, because they probe the asymptotic OH or IBr products, rather than the short-lived HOCO or BrI2 intermediate. However, they represent new and conceptually appealing techniques that provide information on the transition state region (most favorable reactant orientation, lifetime of the complex), which is often difficult to extract from conventional scattering experiments. In addition, in contrast to the experiments of Soep and coworkers, these experiments access the ground state potential energy surface for a reaction and, therefore, have a stronger link to scattering and kinetics experiments.
Negatiw'. Ion Photodetachment Experiments
Another half-collision method to study bimolecular transition states has been developed in our laboratory during the past few years (61) . These experiments are conceptually similar to those of Soep and coworkers. However, we use photodetachment of stable negative ions, rather than electronic excitation of van der Waals molecules, to access the transition state. For example, photodetachment of the IHI-anion forms an unstable IHI complex, which lies in the transition state region for the I+HI reaction. The IHI-photoelectron spectrum (62) and the higher resolution (0.4 meV) threshold photodetaehment (63) spectrum, both of which www.annualreviews.org/aronline Annual Reviews shown in Figure 3 , reveal well-resolved vibrational structure attributed to the IHI complex that provides a detailed probe of the I+HI transition state region. Depending on the anion molecular orbital from which the electron is ejected, we can access either the ground or excited state potential energy surfaces for the neutral reaction (61); transitions to the various surfaces appear at different energies in the photodetachment spectrum. As in Soep's experiments, we are able to restrict the angular momentum available to the neutral reaction. The anions are formed in a pulsed free jet expansion and are rotationally cold (10-50 K), and the ejection of electron transfers very little angular momentum to the IHI complex. In addition, an anion such as IHI-is more tightly bound than a typical van dcr Waals molecule, which means that the range of reactant orientations is even more restricted than in the van tier Waals excitation experiments. This control over reaction angular momentum and reactant orientation allows us to observe structure in the photodetachment spectrum that would be averaged out in a scattering experiment.
Most studied by photodetachment of CH3OHF- (66), OHF- (66), and (67a-c). All but the F+ H2 reaction are heavy+light-heavy reactions. .All of these reactions are believed to be direct; their potential energy surfaces have barriers, but no wells, in the transition state region. Nonetheless, the photoelectron spectra of the above anions show vibrational progressions characteristic of the neutral transition state region. In the heavy+light-heavy reactions, these progressions are caused by the rapid vibrational motion of the H atom between the heavy end atoms (the v3 antisymrnetric stretch in XHX complexes); several of these vibrations occur before the neutral AHB complex dissociates. The peaks in Figure 3 are labeled by the v3 quantum number in the IHI complex. Although the peak positions allow one to map out these vibrational energy levels, the peak widths are an indication of the dissociation dynamics of the complex. Figure 3 illustrates that the higher resolution threshold photodetachment spectrum of IHI-(63) shows two types of additional structure. The v3 = 2 and 4 peaks are actually composed of progressions in the lowfrequency symmetric stretch mode of IHI, which are due to quasibound states of the complex, some of which live at least 200 fs before dissociating. These quasibound states are the very ones that lead to resonances in the I÷HI reaction, and the resolution of these features represents the first definitive observation of reactive resonances, which verifies the predictions of sharp resonances in heavy+light-heavy reactions by Manz and coworkers (28a, 68) and Pollak (28b) . In addition, the v3 = 0 peak is posed of a progression in hindered rotor levels of the IHI complex, because of rotational motion of the H atom around one of the I atoms that occurs on the same time scale as dissociation of the complex.
To relate the photodetachment spectra to reactive potential energy surfaces, it is useful to compare the experimental spectra with quantum mechanical simulations on model surfaces. We have simulated the IHIwww.annualreviews.org/aronline Annual Reviews (62) and BrHBr-(64a,b) spectra on collinear potential energy surfaces using time-independent methods in which the Franck-Condon overlap between the anion and neutral scattering wavefunctions is calculated as a function of energy. The comparison between experimental and simulated BrHBr-spectra was used to develop an improved potential energy surface for the Br+HBr reaction. The BrHI-spectrum was simulated by using time-dependent wavepacket propagation methods, which yield a clear physical picture of the dissociation dynamics of the BrHI complex (65) . The OHF-photoelectron spectrum was also simulated with time-dependent methods (66), thus resulting in an improved F + HO triplet surface.
More sophisticated simulations on three-dimensional potential energy surfaces have been carried out by Schatz (69), Bowman and coworkers (70a,b), and Zhang & Miller (67b, 71) . The simulations of the C1HCI-, IHI-, and IDI-spectra by Schatz and of the H2F-spectrum by Zhang & Miller were exact, in that they calculate the Franck-Condon overlap between the anion ground state and the three-dimensional scattering wavefunction on the neutral modal potential energy surface. The calculations were restricted to total angular momentum J = 0, but as the anions in the experiment are rotationally cold, it is reasonable to compare the simulations with the experimental results. Schatz's simulations show both the resonance and hindered rotor structure seen in the high resolution IHI-threshold photodetachment spectrum, whereas a comparison between Zhang & Miller's H2F-and DEF-simulations with the experimental photoelectron spectra led to an identification of some experimental peaks as reactive resonances.
In other theoretical work on these systems, Yamashita & Morokuma (72) showed that the C1HCI-spectrum may contain transitions to excited CI+HC1 surfaces. Taylor and coworkers (73a,b) have simulated the C1HC1-and FH~ spectra by using classical mechanics and analyzed the structure in the spectrum in terms of periodic orbits. Kubach et al (74) have developed a three-dimensional adiabatic picture for the I + HI reaction, which we have adopted in an analysis of the IHI-spectrum (75). Grayce & Skodje (76) have proposed an alternative three-dimensional adiabatic scheme, which holds promise for accurate, but approximate, simulations of the IHI-spectrum.
Although transition state spectroscopy using negative ion photodetachment is a powerful technique, it does require good geometric overlap between the anion and neutral transition state region. In addition, to extract detailed information on the: neutral potential energy surface, the anion must be well characterized. Geometries and vibrational frequencies have been experimentally determin(.'d for only a handful of negative ions, so one must rely on ab initio calculations/or this information.
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Photodissociation of Stable Molecules
No discussion of half-collision transition state spectroscopy experiments is complete without considering what can be learned about transition states from the photodissociation of stable molecules. The variety of excited electronic states that can be studied in photodissociation is considerable (77) , and a complete discussion of the recent experimental and theoretical investigations in this area would fill an entire review article. In the spirit of this article, the discussion of photodissociation is restricted to those experiments that probe excited states with bimolecular potential energy surfaces that have a relatively low energy saddle point between reactant and product valleys. If the ground state and saddle point geometries are similar, one can perform transition state spectroscopy on an excited state potential energy surface for a bimolecular reaction. As examples, frequency-domain photodissociation studies of H20, H2S, and CH3SH and time-domain studies of HgI2 are discussed below.
Although the most common frequency-domain experiments are those in which the photofragment asymptotic final state distributions are measured, two other types of measurements are better examples of transition state spectroscopy experiments. The first and most straightforward is photoabsorption, which, assuming the ground state is well characterized, maps out the excited potential energy surface in the Franck-Condon accessible region. Such a measurement is exactly analogous to the anion photoelectron spectroscopy experiments described in the previous section. In addition, Kinsey and coworkers (78a,b) showed that, subsequent excitation, one could observe vibrationally resolved emission from the dissociating excited state, thereby learning how the geometry and vibrational modes of the molecule evolve as it dissociates. This experiment is essentially resonance Raman spectroscopy with a dissociative upper state; loosely speaking, it is a half-collision version of Polanyi's original state spectroscopy experiment (11). Kinsey's method unfortunately requires high concentrations of the species of interest and, so far, has not been used in experiments in which van der Waals molecules or negative ions are the transition state precursor.
A prime example of an electronic transition from a stable molecule in which the upper state is similar to that of a direct bimolecular reaction is the .~(1B ~)~-~(tAt) band in H20. Ab initio calculations by Staemmler & Palma (79) on the ~ state yield a surface with a 2 eV barrier along the minimum energy path from H+OH ~(21-I) reactants to (identical) products. The .~ ~-~ absorption band, centered at 2 = 165 nm, shows diffuse structure with a characteristic spacing of about 1750 cm-1 (80) . Although this structure was initially believed to be a bend progression, the www.annualreviews.org/aronline Annual Reviews spectrum was recently analyzed by Engel et al (81) and Imre and coworkers (82a, b) , who used time-independent and time-dependent methods, respectively. These authors demonstrated, that the structure arises from symmetric stretch motion of the dissociating H20 molecule. The mechanism for this is identical to that proposed by Pack (83) , Heller (84) , and Kulander & Light (85) in their model calculations on photodissociation of symmetric triatomic molecules. Excitation from the ground state accesses the ridge between the reactant and product valleys, but at a smaller OH distance and, hence, at a higher energy than the saddle point geometry. This ridge is parallel to the symmetric stretch coordinate. On a bound potential energy surface, such a displacement would lead to a symmetric stretch progression in the absorption spectrum. On the ,~ state surface, which is repulsive along the antisymmetric ~,;tretch coordinate, the progression is still apparent, but the peaks are broadened significantly because of the prompt dissociation of the H20 molecule.
Resonance Raman spectra of the.. ~, ,-~ transition in H20 have been performed by Sension et al (86) t several wavelengths within t he band. Zhang & Imre (82b) have simulated these spectra by using time-dependent wavepacket analysis. The emission spectra show extended progressions in the OH stretches, which, for the H20 ground state, are better described in a local mode basis than a normal mode basis. The vibrational levels of H 20 populated by emission from the dissociating molecule have significant symmetric stretch excitation, which indicates t-hat this is the motion that dominates the early dissociation dynamics of the ~ state. No progressions in the bending modes are observed, which indicates little bending motion as dissociation occurs. This is consistent with the small amount of rotational excitation in the OH fragment seen in product state-resolved studies of s tate dissociation by Andresen and coworkers (87a,b). Zhang et al (88) have recently looked at ~(~B l) ~ em ission in HzO to g ainfurth er insig ht into the dissociation dynamics of the ~ state. The first absorption band of H2S around 2 ~-195 nm (89) also shows diffuse structure attributed to rapid dissociation, and resonance Raman spectra of this band taken by Kleirtermanns et al (90) , Person et al (91) , and Brudzynski et al (92) are dominated by SH stretching progressions. At first glance, these results suggest a similar mechanism to that of the H~O ~ state photodissociation. However, ab initio calculations indicate H ~S has two closely lying excited states in the vicinity of the first absorption band (93a-c): a repulsive ~B~ state and a bound ~A~ state. (Both states of A" symmetry for C~ geometries.) The resonance Raman spectrum of Brudzynski et al (92) varies as the wavelength of the excitation laser scanned across the band; no such variation was seen in the analogous H~O experiment (86) . They attributed this effect to vibronic coupling between www.annualreviews.org/aronline Annual Reviews the two excited states. Dixon et al (94) and Schinke et al (95) have analyzed the structure in the absorption band and concluded that it also arises from the interaction of the two excited states; the structure is from symmetric stretch motion in the ~A2 state, which is predissociated by the repulsivẽ B~ state. The picture of the dissociation dynamics in H2S is, therefore, substantially more complicated than the isolated ,~ state dissociation in H20.
A similar situation arises in the case of CH3SH photodissociation. Thẽ A" excited state surface correlates adiabatically from H + CH3S reactants to CH3+SH products. Molecular beam photofragmentation studies by Nourbakhsh et al (96) and Keller et al (97) show that photodlssoclation 193 nm yields both products, with S-H bond fission dominating. However, Keller et al's emission spectroscopy results only show activity in the C-S stretch and none in the S-H stretch. This suggests that the initial excitation is to the 22A " state, which is bound along the S-H stretch (98) , and that this state is coupled to the bimolecular 1 ~A' surface via a breakdown of the Born-Oppenheimer approximation.
Zewail and coworkers have pioneered the application of femtosecond pulse techniques to provide a real-time probe of photodissociation. This method was first used to look at diatomic and quasidiatomic photodissociation [NaI (99) and ICN (100), respectively], but more recently been applied to the photodissociation of HgI2 at 310 nm (101a,b). This accesses two excited state surfaces, which are bimolecular potential energy surfaces for the I(2p3/2)+HgI(X2~) and I*(2pI/2)+HgI(X2y.) reactions. In these experiments, HgI2 is excited with a 50-90 fs pulse at 2, = 310 nm. The resulting dissociation dynamics are monitored via the LIF signal that results from a second short pulse at wavelength 22, whose delay relative to the first pulse can be adjusted. The LIF signal is dispersed, and the emission intensity at various wavelengths is measured as a function of the delay time.
Most of the experiments were done at 22 = 390 nm, where the probe laser is resonant with the HgI B2z ,-Xzz transition. These experiments yield emission signals that show transients at short times (0-200 fs); longer times, they show oscillations with periods varying from 200-1000 fs, depending on the wavelength of the emission. Wavepacket simulations by Grubele et al (102) on model potential energy surfaces yield considerable insight into the origin of these features (see Figure 4 ). This simulation shows that the initially prepared wavepacket moves along the symmetric stretch coordinate and spreads out over the I+Hg+I three-body dissociation plateau (the HgI bond strength is only 2800 cm-~). Only after this spreading out occurs does the wavepacket develop significant amplitude in the HgI+I(I*) valleys. The calculations suggest that the short-time www.annualreviews.org/aronline Annual Reviews transients are from the initial large amplitude symmetric stretch motion, whereas the oscillations at longer times are caused by vibrational motion of the HgI in the valleys. Transients were also seen in experiments performed at a probe laser wavelength 22 = 620 nm. This wavelength is not resonant with any HgI transition, and the transients presumably result from even earlier time dynamics of the dissociating IHgl complex.
To summarize, photodissociation of stable molecules can be a powerful probe of excited state surfaces for bimolecular reactions. The ease of obtaining high concentrations of stable molecules enables a grcatcr variety of experiments to be performed, compared with other half-collision experiments in which the transition state precursor is more difficult to prepare. On the other hand, photodissociation experiments often access multiple interacting electronic states, and these interactions must be sorted out and understood to explain the experimental observations. Literature Cited
